Fusion genes are known to be key drivers of tumor growth in several types of cancer. Traditionally, detecting fusion genes has been a difficult task based on fluorescent in situ hybridization to detect chromosomal abnormalities. More recently, RNA sequencing has enabled an increased pace of fusion gene identification. However, RNA-Seq is inefficient for the identification of fusion genes due to the high number of sequencing reads needed to detect the small number of fusion transcripts present in cells of interest. Here we describe a method, Single Primer Enrichment Technology (SPET), for targeted RNA sequencing that is customizable to any target genes, is simple to use, and efficiently detects gene fusions. Using SPET to target 5701 exons of 401 known cancer fusion genes for sequencing, we were able to identify known and previously unreported gene fusions from both fresh-frozen and formalin-fixed paraffin-embedded (FFPE) tissue RNA in both normal tissue and cancer cells.
Introduction
Cancer cells frequently contain chromosomal rearrangements that lead to the formation of fusion genes expressed in the cell [1] . These fusion genes can act as drivers for cell growth. For example, the Philadelphia Chromosome rearrangement, originally identified in chronic myelogenous leukemia [2] (CML), is the result of a translocation between chromosomes 9 and 22 which leads to the expression of a fusion gene combining the BCR and ABL kinases [3] . While the BCR-ABL fusion gene leads to uncontrolled cell growth, when the fusion gene is identified in a patient, CML can be treated successfully with tyrosine kinase inhibitors.
Gene fusions are typically identified in cells by fluorescent in situ hybridization (FISH), a technique in which selected regions of chromosomes are fluorescently labeled through the hybridization of specific oligonucleotide probes. Aclinician must then visually identify two chromosomal regions that have rearranged in a known pattern. FISH has many problems as a technique including being a difficult, low throughput procedure, required knowledge of both gene fusion partners, low spatial resolution, the availability of the necessary fluorescent probes and the need for highly trained personnel to decide if a fusion event has taken place [4] . These difficulties apply to both clinical and research laboratories, thus limiting the potential understanding of gene fusion events in human biology.
One recent alternative to FISH when studying gene fusions is high throughput sequencing. In particular, RNA sequencing (RNA-Seq) has been used to identify gene fusions that are transcribed into RNAs within various cells [5] . Software has been specifically developed to identify gene fusion events in RNA-Seq data [6] and many previously unknown gene fusions have been identified this way. However, while RNA-Seq is a powerful tool for identifying gene fusion transcripts, it is currently cost prohibitive to sequence RNA from a tumor sample, in which only a small fraction of the total cells are expressing the gene fusion, and obtain enough sequencing reads to identify those fusion events. Here we describe an innovative new assay for gene fusion discovery and verification. Based on Single Primer Enrichment Technology (SPET, Fig 1A) , we target particular RNAs for sequencing, thus reducing the number of uninformative sequencing reads and increasing the sensitivity of gene fusion detection compared to standard RNA-Seq methods. The SPET based assay is easy to use, has low RNA input requirements and can be used with RNA from formalin fixed, paraffin embedded (FFPE) tissue, which is important for clinically relevant samples. In addition, the assay is fully customizable to target any gene or set of genes in any genome. To show the value of this technology, we have created a panel of probes to target 401 human genes based on gene fusion events found in the Wellcome Fig 1. Description of the Ovation Target Enrichment System. (A) Experimental steps of the assay and time required for each step. Adaptors (green) are ligated on to generated double stranded cDNA (ds-cDNA). Probes (shown in red and yellow) are hybridized to target cDNA and extended with a polymerase (dashed grey lines). All probes have common tail sequences (blue), which are used as priming sites along with adaptor sequences in subsequent library amplification PCR steps. (B) Example of probe positioning across different exons in a full length double stranded cDNA. Each exon (demarked by blue vertical lines) will have probes (green arrows; arrow points in the 3' direction) designed to hybridize near the predicted exon-exon junctions. Exons larger than 300 nucleotides (nt) may have additional probes tiled along the length of the exon to obtain more complete sequence coverage. Probes are designed against both strands of the cDNA to enable identification of gene fusions when only one of the pair of genes is targeted. Translation start sequence (ATG) and poly A tail are labeled. 
Results

Targeted RNA-Sequencing
In order to test the ability of the Ovation Fusion Panel Target Enrichment System assay to effectively target RNAs of interest, we ran the assay using 100 ng of total RNA from the H2228, lung adenocarcinoma cell line to see what percentage of sequencing reads were derived from the targeted genes. The resulting library was sequenced on an Illumina MiSeq with paired end 75bp reads. 92.5% of reads mapped back to the genome with 96% of those reads mapping to the targeted RNAs. These results indicate a strong selection for targeted RNAs by the Ovation Fusion Panel Target Enrichment System. Comfortable that we were selecting almost exclusively for the sequences we were interested in, we next looked to identify gene fusions.
Gene Fusion Identification in H2228 Cells
A key feature of our assay is the ability to identify gene fusions even when only one of the partners has been targeted. This is achieved by through the use of Single Primer Enrichment Technology (SPET), which only requires the hybridization of a single primer in order to obtain sequencing information from the downstream RNA. H2228 cells carry one allele of the ALK gene that is fused to EML4 and the other allele is fused to PTPN3. In our targeting panel we have probes targeting ALK and EML4, but not PTPN3 so this served as a good test for identifying fusion transcripts for which only one of the genes was directly targeted. The sequencing data were analyzed for the presence of gene fusions (see materials and methods) and we were able to identify both the predicted ALK-EML4 and the ALK-PTPN3 gene fusions with 512 and 20 reads respectively for each fusion out of a total of 4.5 million reads.
Targeted RNA Sequencing Identifies More Fusions than Standard RNA-Seq
We next wanted to compare our results to those of standard RNA-Seq experiments to test how many sequencing reads were necessary to identify gene fusion events when using the Ovation Fusion Panel Target Enrichment System relative to a non-targeted RNA-Seq approach. Universal Human Reference RNA (UHR) contains RNA from ten different cancer cell lines. Many standard RNA-Seq experiments have been performed using UHR RNA and these experiments have identified a number of gene fusion events [8] . Our 401 gene panel contains probes that target two of the fusions previously shown to exist in UHR RNA, BCR-ABL and NUP214-XKR3. 100 ng of UHR total RNA was used to prepare sequencing libraries with Ovation Fusion Panel Target Enrichment System. Libraries were sequenced on either the Illumina MiSeq or HiSeq and analyzed with SOAPFuse [6] . Our initial tests utilizing 1.6M sequencing reads resulted in the identification of both BCR-ABL and NUP214-XKR3 fusion transcripts. In addition, we also identified an FGFR1-WHSC1L1 gene fusion, which has been reported as a recurring fusion in breast cancer [9] , but has not been reported in UHR RNA. Deeper sequencing of another library to 8.7M reads on the Illumina HiSeq led to the further identification of another previously unreported UHR gene fusion, MLLT10 fused to PICALM. Having identified a set of gene fusions in UHR RNA, we compared the number of fusion reads in these genes detected by SOAPFuse in our datasets to those of a publically available RNA-Seq dataset that consists of 125M paired end sequencing reads [10] . As seen in Fig 2, when comparing 1.6M
Ovation Fusion Panel Target Enrichment System sequencing reads (blue bars) to 125M standard RNA-Seq sequencing reads (red bars), fusion read counts are comparable for the BCR-ABL fusion. The 1.6M targeted sequencing reads has fewer reads for NUP214-XKR3, which is expected because our targeting panel only contains probes for NUP214 and not XKR3.
The standard RNA-Seq does not contain any detectable reads for FGFR1-WHSC1L1 nor any reads for MLLT10-PICALM, while the targeted sequencing approach described here identified both of these fusion events. Both of these previously undescribed fusions were verified by RT-PCR and Sanger sequencing. In summary, by using a targeted sequencing approach, we were able to identify known gene fusion events in UHR RNA while using only 1.3% of the sequencing reads necessary to identify approximately the same number of fusion reads in a standard RNA sequencing experiment. In addition we were able to identify previously undocumented gene fusion events using the targeted approach that were not identified in standard RNA sequencing, even though the targeted sequencing had 14-78X fewer sequencing reads. The inability of standard RNA sequencing to identify fusion transcripts in a cell line that has been studied in detail suggests that even samples for which deep RNA sequencing data already exists should be tested again specifically for the presence of fusion transcripts.
Human Tissue Gene Fusions
We next sought to test our fusion panel assay on RNA derived from human tissue rather than cultured cells. For this, we utilized human brain reference RNA, a pooled RNA sample derived from 23 healthy donors. Brain tissue has been shown to contain multiple genomic lesions [11] and so we wondered if any of these genomic lesions would lead to the detectable expression of gene fusions. As with UHR RNA, 100 ng of brain reference RNA was used to generate targeted sequencing libraries with Ovation Fusion Panel Target Enrichment System, which were sequenced on an Illumina HiSeq with paired-end, 100base reads. Approximately 7.2M reads were obtained and analyzed for the presence of gene fusions with SOAPFuse. Upon analysis, we identified two potential gene fusions, ATP5L-MLL and EIF4E3-FOXP1. The EIF4E3-FOXP1 fusion (Fig 3) again shows the power of only requiring one gene be targeted out of a pair of fused genes as our targeting primers were only designed to FOXP1. To our knowledge, this is the first report of EIF4E3 being fused to FOXP1 and the fact that this fusion transcript, along with ATP5L-MLL, is found in normal tissue suggests that fusion transcripts may occur more often than currently appreciated.
Gene Fusion Detection from an FFPE RNA Sample
Many primary tissue samples are preserved by formalin fixation followed by paraffin embedding (FFPE). This common procedure is known to fragment nucleic acids making it difficult to retrieve sequence data from them. We extracted RNA from HCC1937 primary breast ductal carcinoma cells that had been formalin-fixed and paraffin-embedded (Bioanalyzer trace of RNA in Fig 4A) . We used 50 ng and 100 ng of the FFPE RNA in the Ovation Fusion Panel Target Enrichment System assay (resulting library Bioanalyzer trace Fig 4B) . Following sequencing 1.2M and 1.6M reads respectively, we were able to identify the known NFIA-EHF gene fusion [12] even though we only targeted NFIA and did not have probes targeting EHF in this assay.
We again compared our targeted data to a public dataset [13] of 24.6 million untargeted RNA sequencing reads from fresh RNA and found that the untargeted reads identified 11 fusion reads, while the targeted RNA sequencing produced 12 and 20 fusion reads for the 50 ng and 100 ng inputs respectively. 
Discussion
We have applied our customizable SPET technology, previously employed for SNP detection within genomic DNA samples [14] , to develop an assay for identification of gene fusion transcripts through targeted RNA sequencing. The Ovation Fusion Panel Target Enrichment System only requires a single primer to hybridize to a fusion transcript in order to identify both gene partners, allowing any potential fusions involving targeted genes to be interrogated in a single tube assay. We have developed a panel to target 401 genes known to form fusion transcripts and have tested the assay on RNA from cell lines, fresh tissue and FFPE samples. In each case we have identified known fusion transcripts and have additionally identified previously unreported fusion transcripts in UHR and normal brain RNA. Furthermore, we show that using a targeted sequencing approach is an efficient mechanism for enhancing the detection of gene fusions compared to standard RNA sequencing suggesting that even samples that have been deeply sequenced by standard RNA sequencing methods would benefit from a targeted approach to identifying gene fusion events.
Materials and Methods
Single Primer Enrichment Technology for Gene Fusion Detection
Total RNA was obtained from various sources. RNA derived from the commercial cell line NCI-H2228 (ATCC CRL-5935) was a gift from Susana Ortiz, M. . Briefly, utilizing the contents of the Ovation Fusion Panel Target Enrichment System kit, 50 or 100 ng of total RNA was reverse transcribed into cDNA. The unpurified cDNA was then made double stranded by the addition of a DNA polymerase. The double stranded cDNA (ds-cDNA) underwent end repair to blunt the ends followed by barcoded adapter ligation. Ligated samples were bead purified and hybridizated with targeting probes starting at 95°C followed by a slow ramp down to 60°C overnight. Following probe annealing, a DNA polymerase was added to the mixture which was heated to 72°C to extend the probes through the target region (see Fig 1) . Unextended probes were removed by bead purification and the resulting products were amplified by PCR to create a sequence ready library. Sequencing libraries were quantitated by Bioanalyzer (Agilent Technologies) and Kapa Library Quantification Kit (KAPA Biosytems). Libraries were diluted to 10nM and sequenced on either the Illumina MiSeq or HiSeq platforms as indicated in main text as paired-end reads, either 75 or 100 bases in length (MiSeq and HiSeq respectively).
Sequence Data Analysis
Resulting sequences were analyzed in the following ways: 1. To determine the reads that were derived from targeted RNA sequences, forward reads were mapped to the Hg19 reference genome using STAR v2.4.0d [15] only allowing unique alignment and allowing chimeric reads. Bedtools intersect [16] was then used to count the number of sequenced reads that were derived from targeted transcripts using default settings, and 2. paired-end sequence data were analyzed for the presence of gene fusions with SOAPFuse v1.22 software [6] with default settings. For publically available UHR RNA-Seq data, we downloaded SRX333353 [10] and for HCC1937 we downloaded SRX317716 [13] .
Fusion Transcript Validation
Selected putative gene fusions were verified by designing PCR primers around the predicted fusion site. Reverse transcription PCR was used to amplify the predicted fusion gene junctions from the same starting RNA material as was used for sequencing. Resulting PCR products were purified and Sanger sequenced to verify the fusion junction. 200 ng of total RNA input was used in the Ovation cDNA Module For Target Enrichment to generate the cDNA used for the PCR reaction (included as part of the Ovation Fusion Panel Target Enrichment kit). PCR was performed in 50 ul reactions using standard Taq buffer, 0.5mM dNTPs and standard Taq Polymerase (NEB) with 0.4 uM each primer. The PCR reaction was carried out with the following program: 95°C, 3 minutes, followed by 30 cycles of 95°C, 15 seconds, 57°C, 20 seconds and 72°C, 10 seconds. See S2 Table for primer sequences.
Probe Selection
401 genes were selected for inclusion in the initial gene fusion targeting panel. All refseq exons were input into the proprietary probe selection software with the goal of designing at least two probes targeting each exon. For exons smaller than 300 bases probes were designed so that the 3' end of the probe would hybridize as near as possible to the known exon boundary, with one probe designed to hybridize to each strand of the double stranded cDNA. For exons larger than 300 bases, additional probes were tiled across the exon at 300 base intervals in order to maximize coverage across these exons. Placing probes near the exon boundaries ensures that extension products will cross at least one exon-exon junction, thus increasing the probability of extending across a gene fusion junction. These design parameters resulted in the generation of 17,999 unique targeting probes across 5769 exons.
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